Polymers based on biphenyl methacrylate as chromophore were synthesized with different compositions for use as anti-reflective coating (ARC) in KrF lithography. These polymers were formulated with a melamine cross-linker and a thermally activated acidic catalyst. The absorption characteristics of these polymers were adjusted by changing the monomer composition. The optimum ranges of n and k for the ARC were found to be 1.56 to 1.76 and 0.125 to 0.275, respectively. The curing properties of the coatings were studied by appropriate thermal analytical techniques. The desired degree of cross-linking was achieved by varying the amount of curing agent and temperature of curing. Fine lithographic patterns could be printed with no footing and scum at imaging layer-ARC interface.
INTRODUCTION
Cu and low K damascene interconnect technologies are gaining popularity in the production of low-cost, high-speed complex ICs [1] . However, several lithography and etching issues need to be mitigated for successful commercialization of these technologies [2] . Specifically, these issues relate to substrate reflection control, planarization, photoresist poisoning, and dry etch resistance. A thick antireflective layer or undercoat used in thin imaging systems such as TIS2000 available from Arch Chemicals has provided effective solution to most of these problems [3] .
The importance of reflection control in lithographic processing is well understood [4] . Severe topography causes local reflectivity changes across the wafer leading to unacceptably high CD non-uniformity in the case of a single layer resist system. A thick organic ARC used in the bilayer resist system can solve the problem of reflectivity control as well as decrease the substrate topography.
To simplify the dual damascene stack, the photoresist layer is often coated directly on top of a low K substrate such as SiOC:H. Chemical interactions between the contaminants on such substrates and the photogenerated acid can lead to serious scum and footing. Such photoresist poisoning can be avoided by separating the imaging layer and the substrate by means of an impervious, organic coating. A properly cured, thick ARC used in bilayer resist systems can potentially serve this purpose.
Etching characteristics of ARC play an important role in the final pattern transfer into semiconducting substrates. In thin imaging systems, high etch selectivity between the thin imaging layer and thick ARC can be obtained by incorporating Si-functionality into the imaging layer. However, special design considerations need to be given to adjust the etch selectivity of the ARC with respect to a variety of substrates especially, for applications involving metal trenches and deep vias.
In this paper we will examine the role of polymers based on biphenyl methacrylate in designing a thermally curable-ARC useful for thin imaging system. We will show the effect of polymer composition on its optical properties (n and k) as well as discuss the importance of these properties on substrate reflection control to achieve desirable lithographic performance. The effect of polymer composition on compatibility of coatings with commonly used edge bead removing solvents will also be discussed.
EXPERIMENTAL 2.1. Materials.
Biphenyl methacrylate based polymers of this study were prepared by standard free radical polymerization in THE at 65°C for 24 hours.
Characterization.
Polymer compositions were determined by 1H and 13C NMR spectroscopy using a Bruker spectrometer Model AC250 operating at 250MHz. Molecular weights of the polymers were determined by GPC against polystyrene standards using an RI detector and a set of four Styragel columns. Weight-average molecular weight (MW) and polydispersity were calculated using the Millenium (v2.15) software package from Waters Corporation. Thermal studies of the polymers were performed using Perkin-Elmer Pyris 1 Thermogravimetric Analyzer and Differential Scanning Calorimeter at a heating rate of 10°C/minute.
Lithographic properties:
ARC formulations were prepared by blending the above polymers with standardized amounts of a thermal acid generator (TAG) and a melamine cross-linker in propylene glycol monomethyl ether acetate (PGMEA) and sequentially filtering through 0.5 and 0.2-µm Teflon filters. The ARCs were spun onto silicon wafers and baked on a hotplate at suitable temperatures for 60 or 90 seconds depending upon the proximity between wafer and hotplate.
The optical data (n and k) were measured using an n&k tool and calculated by a standard software package. Film thickness was measured on a Prometrix SpectraMap model SM300.
Various ARC formulations were lithographically evaluated using experimental samples of TIS2000 imaging layer. Thin resist films (ca. 2500 A) were applied to the ARC coated wafers and exposed to 248 nm wavelength using a Canon EX6 stepper.
Results and Discussion 3.1. Polymer Synthesis:
The physical properties of biphenyl methacrylate (BPMA) containing polymers are summarized in Table 1 . All polymers contained a hydroxy functional monomer such as 2-hydroxy ethyl methacrylate or hydroxy styrene to provide sites for cross-linking reaction.
BPMA content of these polymers was varied between 50 and 80 mole-percent. All polymers showed sufficiently high thermal stability (>300 °C).
Optical Properties:
The imaginary part of the index of refraction, k, at 193 and 248-nm wavelengths increased with increasing molar concentration of BPMA in the polymer ( Table 2 ). The absorption coefficient, a at 248-nm increased with increasing BPMA content over the range 50 to 65 mole-percent as shown in Figure 1 . However, the real part of the index of refraction, n, at 248 nm remained relatively constant at 1.718 over this composition range as seen in Table 2 . Figure 2 describes the effect of k value on substrate reflection and Figure 3 displays the target n and k values to achieve minimum substrate reflectivity. These data as predicted by PROLITH simulations [5] suggest that the intensity of reflected light at the photoresist-ARC film interface can be minimized when refractive index, n is in the range of 1.56 to 1.76 while k value is in the range of 0.125 to 0.275.
These results indicate that the polymers of Table 2 containing less than 70 mole-percent of BPMA should have the right optical properties to minimize substrate reflection.
The effect of optical properties of the ARC on the lithographic properties of the imaging layer is clearly visible in Figure 4 . ARC-A with k value of 0.41 and substrate reflection of 1 % shows considerable scum at the resist/ARC interface and strong standing wave pattern in the resist. In comparison, ARC B with k value of 0.21 and substrate reflection of 0.5% produces much cleaner profiles with squarer tops.
Curing Properties:
ABCs must typically be cured or cross-linked to prevent intermixing during spin coating of top imaging layer. The minimum temperature required to initiate curing is estimated to be 175°C as The film thickness loss at 10 weight-percent loading of Cymel can be explained by the dissolution of unreacted curing agent into the solvent and due to mass loss accompanied by thermal decomposition of the excess curing agent. The bake temperature required for the complete curing was studied by TGA [6] . The ARC films containing 5 weight percent of Cymel were prebaked at temperatures varying from 100 to 225°C for 90 seconds. The derivative-TGA plots in Figure 7 show varying degrees of weight loss due to evolution of by-products of the curing reaction in the temperature range of 125 to 225C. The films pre-baked at 200 and 225 °C did not show any significant weight loss by TGA indicating their complete curing in the pre-bake step itself. The weight loss for all the samples at temperatures above 300C occurred due to decomposition of polymer backbone.
The complete curing of the films pre-baked at 200 and 225 °C was also confirmed by their insolubility in the organic solvents such as, THF, PGMEA and EL that dissolved the uncured polymer.
The time required for complete curing was determined by isothermal thermogravimetric analysis. Here, the weight loss due to elimination of by-products of curing reaction was monitored as a function of time at a constant temperature of 200 °C. No significant weight loss was observed after holding the sample for two minutes, indicating its complete curing (Figure 8 ). The effect of curing agent concentration on lithographic performance is displayed in Figure 9 . Insufficient curing of ARC at low Cymel concentration leads to collapsed line patterns perhaps due to intermixing between ARC and imaging layer. Scum formation and footed profiles were observed at higher Cymel concentration of 10 weight percent. A footed profile at the interface of the two layers can be explained by the loss of acid due to its neutralization by the residual curing agent migrating at the interface.
Spin Bowl Compatibility:
The wafers coated with ARC are often treated with an edge bead removing (ebr) solvent. It is desirable that an ARC be compatible with a variety of such solvents to prevent any precipitate formation in spin bowl. The spin bowl compatibility of the optimized ARC formulation was determined by studying the solubility of its spun film in different ebr solvents. Results in Table 3 show that ARC formulations containing less than 70 mole-percent of BPMA are soluble in a broad range of solvents.
Shelf life Stability:
The storage stability of the optimized ARC formulation was tested by monitoring the changes in polymer molecular weight as a function of time at 40 °C. The data in Figure 10 confirm good shelf life stability as evident by no change in the molecular weight of the polymer. Likewise, no changes in the filterability and coating properties of these solutions were observed upon storage, suggesting excellent shelf life property at ambient storage condition.
Etching Properties:
ARC materials of this study were designed to have sufficiently high etch selectivity against a variety of substrates commonly employed in damascene and dual damascene processes. Etch selectivity of the underlayer used in this `full METAL-first at trench level' approach plays a critical role in patterning 250 nm vias on top of severe metal topography ( Figure 11) [3] .The excellent etch selectivity of the underlayer can be attributed to the high aromatic content of the polymer. The optical parameters of these coatings can be adjusted by varying the amount of BPMA in the polymer. Using an ARC with k value of about 0.2 can minimize substrate reflection to <0.5%. Simulated and experimental data are in excellent agreement in this regard.
Properly cured films are insoluble in PGMEA and showed no intermixing with top imaging layer. 0.13 p m dense line patterns can be printed with no scum and footing.
ARC formulations containing less than 70 molepercent BPMA show good spin bowl compatibility with commonly used edge bead removing solvents.
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